A computational study of unsteady, separated, low and high Reynolds number flows is made using a second-order accurate, cell-centered finite volume method on unstructured grids. The simulations include large-eddy simulation turbulence modeling based on a classical Smagorinsky subgrid-scale model. For the high Reynolds number simulations, wall shear stress is modeled by using the instantaneous logarithmic law of the wall. All the cases simulated are assumed to be fully turbulent, since the turbulence model is active over the entire surface of the sphere. The main objective of this work is to study the flow about a sphere at a Reynolds number of 1.14 × 10 6 which is in the supercritical range. Comparisons are made with experimental results by Achenbach and flow visualizations by Taneda. Predictions of the drag, mean pressure and mean skin-friction distributions along the sphere are in good agreement with experiments. The wake structure of the supercritical case is substantially changed compared to the subcritical flows with the wake in the supercritical case dominated by shedding of hairpin-like vortices. Three dimensional stereographic movies are also made using Ensight 7.6 to gain a deeper insight into wake-flow structure.
II. Introduction
T he flow fields encountered in many engineering applications are around complex geometries, and are highly three-dimensional, unsteady, separated and turbulent. While problems involving flow over complex geometries have already been attempted using unstructured grid methods, 1-4 the ability of unstructured methods to accurately simulate flows involving large-scale unsteadiness and turbulence at high Reynolds number has not been clearly demonstrated. The allure of accurately solving complex real life problems using the efficient cell or element distribution offered by unstructured grids motivates continued research in this area.
Several example flows over simple geometries, which expose the difficulties of simulating complex separated turbulent flows, are widely used in the literature mainly for the development of turbulence models and numerical methods. Such example simulations include computations of flow over a backward-facing step, 5, 6 flow around a square prism, 7 flow over and around a cube, 8 flow around other bluff bodies such as circular cylinder, 9-11 sphere, [12] [13] [14] [15] [16] [17] [18] and spheroid. [19] [20] [21] These problems are good models for really complex 3-D engineering geometries such as road vehicles, 22 landing gears 2, 23 and helicopter fuselages. 3, 24, 25 This paper aims for a simulation of low and high Reynolds number flow over a sphere using an unstructured, cell-centered finite volume method. The physics of flow about a sphere is far more complex than its relatively simple shape might suggest. Various investigations [26] [27] [28] have suggested that over a wide range of Reynolds numbers (280 < Re < 3.7 ×10
5 ) the flow is characterized by unsteady vortex shedding, with most of the large-scale vorticity originating from the shear layer which separates from the surface. In the moderate to high Reynolds number regime, the flow is far from equilibrium, highly unsteady and experiences transition to turbulence.
Accurate prediction of these types of separated flows is difficult using techniques based on Reynoldsaveraged Navier-Stokes (RANS) equations. Techniques such as LES constitute another approach and resolve more details of the flow, with only the subgrid scales of motion being modeled. However, for higher Reynolds number wall bounded flows, the computational cost increases dramatically because of the very large number of cells required in the boundary layer and is comparable to Direct Numerical Simulation (DNS). Hence even with the current parallel computer power, it is almost impossible to simulate high Reynolds number flows and some kind of wall-model is necessary to model the effect of solid wall to address this problem 29 or a hybrid method, such as DES 21, 30, 31 could be used. DES is a hybrid technique in which the closure is a modification to the Spalart-Allamaras model, reducing to RANS near solid boundaries and LES in the wake. In this paper, an instantaneous logarithmic-law of wall is used to obtain the shear stress from the solid wall for high Reynolds numbers. The wall models are discussed in detail in References. 8, 29, 32, 33 In the present work, in addition to simulating low and high Reynolds number flow over a sphere, the flow solver (PUMA2) is also coupled to a computational steering library: Portable Object-oriented Scientific Steering Environment (POSSE), 34, 35 which lets the user monitor and steer data from a remote computer even while the parallel simulation is running on different nodes. Although parallel simulations help in reducing computation time, it is usually cumbersome to get the data while a parallel simulation is running. This type of powerful interactive CFD system (PUMA2 + POSSE) increases the utility of these parallel simulations, as it facilitates the process of scientific discovery by allowing the scientists to interact with their data.
III. Experimental Background
The flow of viscous fluid past a stationary isolated sphere may be considered a simplified case of a general family of immersed bluff-body flows with widespread applications. Like its two-dimensional counterpart, the flow past a cylinder, instabilities are known to generate fully three-dimensional unsteady flows in spite of the symmetry of the body. Unlike two-dimensional flows, however, such three-dimensional flows are capable of having more kinematic and vortical interactions and have, therefore, remained less well understood.
Flow over spheres has been the subject of numerous experimental investigations 17, 26, 28, 36 . The primary reason being despite having a simple geometry it exhibits all the fundamental transition and separation phenomena. The investigators were primarily interested in documenting the different flow regimes around the sphere and changes in the shedding frequency, wake structure and resulting drag with Reynolds number. These studies have shown that for Re < 20, where Re is Reynolds number based on the sphere diameter, D, and velocity, U ∞ , there is no separation and flow is termed "creeping flow." Taneda 28 determined that separation from the rear of the sphere occurs at Re ≈ 24 and results in the generation of an axisymmteric vortex ring. At Reynolds number between 24 and approximately 210, the flow is separated, steady, axisymmetric and topologically similar. In the range 210 < Re < 270, the flow becomes non-axisymmetric as the ring-vortex shifts, however this wake was observed to remain steady. Around Re = 280, the wake begins to shed vortices in a regular fashion. For Re > 280, hairpin-shaped vortices are periodically shed from the sphere to form a completely laminar wake. With further increases in the Reynolds number the shedding process becomes more irregular and complex, and, eventually, the wake structure becomes chaotic.
The boundary layer at separation remains laminar up to the critical Reynolds number, around 3.7 × 10 Achenbach 36 performed experiments for flow over a sphere in the supercritical range, and reported results for total drag, local static pressure and local skin friction distributions. He obtained information on boundarylayer transition and separation from local flow parameters. The dependence of friction forces on Reynolds number was also pointed out. He observed that in the supercritical range, friction force constitutes a very small part of the total drag. In addition to Achenbach, the flow past a sphere in the super-critical range was investigated experimentally by Taneda.
28 He performed visualization experiments and observed that the vortex sheet separating from the sphere rolls up into an Ω-shaped structure to form a pair of strong streamwise vortices. He observed that the wake was not symmetric but was slightly tilted. The tilting of the wake would cause lateral forces on the sphere even in the mean, which is observed in the current investigation. Taneda found that the wake is relatively steady up to Re = 5 × 10 5 , though there appeared to be an irregular motion of the wake about the streamwise axis between Re = 5 × 10 5 and 10 6 , and the main features of flow remain unchanged up to about Re = 1.5 × 10 6 .
IV. Simulation Background
Simulations of flow over a sphere is a benchmark for techniques used to predict massively separated flows. It belongs to a special class of separated flows where flow separation is not fixed by geometry or other external effects (e.g wire trips) that are used to force unsteadiness.
There have been several numerical calculations of flow over a sphere. Extensive steady-state axisymmetric numerical simulations of flow past a sphere were reported by Fornberg, 12 who observed that the wake length and separation angle vary approximately as log(Re) for Reynolds number, Re, greater than about 75. Natarajan and Acrivos 13 investigated the stability of the axisymmetric sphere flow using a finite-element method. They found a regular bifurcation at Re = 210 which corresponds to the transition from the steady axisymmetric wake to the steady, non-axisymmetric double threaded wake. Johnson and Patel 17 did flow simulations to a Reynolds number of 300. They used a finite volume scheme on a curvilinear grid in spherical coordinates. Recently, Kim and Choi 14 investigated the effect of rotation (in the streamwise direction) on the characteristics of laminar flow over a sphere (Re = 100, 250, 300). They found that when the rotational speed increases, the time-averaged drag increases for the Reynolds numbers investigated, whereas the time-averaged lift force is zero for all rotation speeds (ω * > 0). They used an immersed boundary approach, where the body in the flow is treated as momentum sources in the Navier-Stokes equations rather than a real body.
Tomboulides et al. 15 presented numerical solutions from a mixed spectral element/Fourier spectral method for flow over a sphere in the 25 < Re < 10 3 range. They showed steady axisymmetric flow for Re < 212 with initial separation at Re = 20. They found a regular bifurcation, i.e a transition to steady flow at Re = 212. They 16 also performed LES up to a Reynolds number of 2 × 10 4 (and DNS for lower Reynolds numbers) using a subgrid model based on renormalization group theory. They reported Strouhal numbers corresponding to the shedding and shear layer modes very close to the experimentally measured values. Their study demonstrated that resolution of features related to vortex-shedding and three-dimensionality are important to the capture of unsteady effects. These unsteady effects are difficult to account for in the case of Reynolds averaged based models which parametrize all scales of motion.
More recently, Constantinescu et al. 18 performed URANS (Unsteady Reynolds Averaged Navier-Stokes), LES and DES for subcritical flow (Re = 10 4 ) over a sphere. URANS predictions were obtained using two-layer k − , k − ω,ν 2 − f and the Spalart-Allamaras model. The dynamic eddy viscosity model was used in LES. Except for k − they found the predictions of streamwise drag, pressure and skin friction distributions were in reasonable agreement with experiments, with DES and LES results in better agreement with measurements in the aft-region. They 31 went up to a Reynolds number of 1.1 × 10 6 with DES and studied the effect of accounting for streamwise curvature in the model. They also studied the effect of activating the turbulence model at the boundary layer transition position and found it to improve the skin friction agreement with experiments.
V. Flow Solver -PUMA2

PUMA2
2-4, 24, 37, 38 is a modified version of the flow solver PUMA 39 which uses the finite volume formulation of the Navier-Stokes equations for 3-D, internal and external, non-reacting, compressible, unsteady or steady state solutions of problems for complex geometries. The integral form of the Navier-Stokes equations incorporated in PUMA2 are
where F is the inviscid fluxes, F v is the viscous flux terms and U(u, v, w) is the absolute flow velocity. Pressure, total energy and total enthalpy are given by p = (γ − 1)ρe
The subgrid-scale (SGS) stresses appear as τ ij and q i , respectively, in the above. Using the Smagorinsky model, 11, 40 the SGS stresses are defined by
where C S is the Smagorinsky constant and is assigned a value of 0.1 in this study. The resolved deformation rate tensor is defined by:
The model for the SGS heat fluxes is:
where P r t is the turbulent Prandtl number and is commonly chosen to be in the range of 0.3 to 0.5.
11
For high Reynolds number turbulent flows the instantaneous log-law of the wall is used at the first cell away from solid surface to get the shear stress at the wall. 8, 29, 32, 33 The logarithmic law of the wall can be expressed as:
where
From experiments for a flat plate at high Reynolds number, the constants κ and B are determined to be 0.41 and 5.0 respectively. The profile given in equation (6) can be solved to obtain the frictional velocity u τ which then can be used to calculate wall shear stress as
In the coordinate system of tangential velocity, normal velocity, and their crossproduct the wall shear stress tensor τ mn then can be written as:
The wall shear stress tensor is now transformed to the original x,y,z coordinate system using the orthogonal transformation,
. The rotation matrix C is defined by,
where e tangent , e normal and e cross are unit normal vectors in the tangential velocity, normal velocity and their cross production directions respectively. These shear stress components are then fed back to the outer LES in the form of proper momentum flux at the wall. PUMA2 supports stationary or moving unstructured grids composed of tetrahedrons, wedges, pyramids and hexahedrons. It also implements different time integration algorithms (Runge-Kutta, Jacobi, and various Successive Over-Relaxation schemes (SOR)) as well as different flux schemes (Van Leer and Roe). It is written in ANSI C++ using the MPI library for message passing so it can be run on parallel computers and clusters. PUMA2 can be run so as to preserve time accuracy or as a pseudo-unsteady formulation to enhance convergence to steady state. It uses dynamic memory allocation, thus the problem size is limited only by the amount of memory available on machine
The facility to perform the computations is a Linux Beowulf cluster, Mufasa. 41 A front view of the cluster is shown in Figure 2 . Mufasa has 85 computational nodes each having dual MP2200+ MHz Athlon processors and 1 GB RAM. The nodes are connected both by Ethernet and a high-speed Scali Dolphin network. This machine runs Redhat Linux (version 7.3) and the GNU gcc compiler (version 3.2). 
VI. Computational Results
The flow of a Newtonian fluid is governed by the Navier-Stokes equations with proper initial and boundary conditions. Computationally speaking, the Navier-Stokes equations can be solved for laminar flows whilst for turbulent flows the wide range of eddy scales present prohibits DNS. Hence some modeling is required, the prevalent remedy is to use the RANS, with averaging over time, homogeneous directions or across an ensemble of equivalent flows, which require empirical information on the turbulent structure and its relation to the mean flow. A more viable method is LES, in which only the small-scale turbulence fluctuations are modeled and the larger-scale fluctuations are computed directly. LES has been successfully implemented within the flow solver PUMA2.
2
In this paper, we present simulations for low speed viscous flows over a sphere at various Reynolds numbers. In all the simulations the incoming flow has a Mach number of 0.16. There are two tetrahedral unstructured grids used for simulation, grid A has 900,000 grid cells, and grid B has 2,500,000 cells. Both grids are developed using Gridgen software.
42 There is clustering of cells near the surface of sphere and in the wake to capture the gradients as shown in Figure 3 . A surface mesh of the sphere is shown in Figure 4 . Inviscid flux calculations are done using a second order accurate Roe scheme, Sub-Grid Scale (SGS) modeling is by constant coefficient (C sgs = 0.1) Smagorinsky model. Time integration is by SSOR (Successive Symmetric Over Relaxation) (ω = 1.2) with local time-stepping till flow reaches a quasi-steady state, then a two-stage Runge-Kutta method is used for time accurate runs. At the outer surface Riemann inflow-outflow conditions are used and on the surface of the sphere a no-slip boundary condition is imposed. For the supercritical flows the log-law of the wall is used to calculate shear flux at the wall. Simulations are initiated with a free-stream condition without any turbulence. The computational steering system POSSE, 34, 35 was used to monitor and steer key parameters (CFL, time-integration schemes etc.) of the simulation while it was running on the parallel computr. POSSE helped in debugging and saved time while doing these large simulations. The accuracy of the numerical approach was established through comparison of the present results with empirical and other computational results obtained at Re=100, in the steady, axisymmetric regime and at Re=300, in the (laminar) periodic vortex-shedding regime. These simulations were used to ensure that downstream boundary conditions did not lead to spurious oscillations within the domain for both steady flows and time-dependent shedding solutions. A comparison for Re=100 and Re=300 is shown in Figure 5 .
For Re=100, flow properties such as the mean drag coefficient C d and the separation angle φ s are compared in Table 1 to empirical results and other simulations. 14, 17 Overall, the agreement is very good in the steady, axisymmetric regime. For Re=300, Grid B (refined) was used which has 2.5 million cells. Vortex shedding was obtained in which there is no rotation of the shedding plane with the flow maintaining a plane of symmetry, in agreement with previous simulations. The values of streamwise drag coefficient, separation angle and Strouhal number are summarized in Table 1 In the supercritical range, flow over a sphere is carried out at a Reynolds number of 1.14 × 10 6 . Even with current parallel supercomputers, at such a high Reynolds number it is not feasible to capture the boundary layer in full detail with unstructured tetrahedral grids. 8, 29, 40 Hence some kind of wall modeling is required. As described in the preceding section the instantaneous law of the wall 8, 29, 43 is used to model the shear stress at the wall. The mean pressure coefficients and mean skin friction coefficients are shown in figures 6 and 7, respectively. Mean C p and C f were obtained by averaging the time accurate runs. The pressure coefficients are in good agreement with the experimental results of Achenbach 36 and DES results of Constantinescu.
31 The value and angular position of minimum C p is accurately captured. The separation is delayed in a supercritical case compared to a laminar one (not showed here). In the θ > 120 regime, LES predictions are relatively flat, slightly above the data for 120 < θ < 150, and then slightly below the data for θ > 150. This mismatch leads to a compensating effect such that drag predictions are reasonably correct. As expected, there is not a marked difference in the pressure coefficients results of PUMA2 with and without wall model since theoretically pressure does not change across a boundary layer. It should be noted that no documentation on experimental error bars is available.
The skin friction measurements are in a qualitative agreement with the experimental measurements 36 and DES calculations by Constantinescu. 31 Experimental measurements suggests that at θ = 95, laminar intermediate separation occurs and is followed by a immediate transition in the shear layer from a laminar to a turbulent flow. Further downstream turbulent separation occurs at around θ = 120. The standard DES results 31 over predict the skin friction coefficients while current results (PUMA2 with wall model) under predict it but are closer to the experimental results of Achenbach. However, DES results 31 had good agreement with experimental skin friction measurements by turning the turbulence modeling on at θ = 96
o . For the current results, the under-prediction in C f might be due to using a standard log-law model without any pressure gradient corrections. It is not possible to implement pressure gradient effects for a complex three-dimensional flow as the flow direction is not known apriori on the body. As expected, the skin friction results of PUMA2 without wall model are close to zero everywhere since the boundary layer is not resolved adequately. The results of skin friction on such a coarse grid without any wall modeling is not justified. Also the experimental results of skin friction distribution of Achenbach are of qualitative character as mentioned in his paper. 36 He stated "In the absence of a better estimate the 'laminar curve' was used also for the calibration of turbulent part of boundary layer. The error thus introduced could not be estimated, therefore the results (skin friction) referring to turbulent flow are of a qualititative character."
36
The total mean streamwise drag and the contribution due to skin friction drag are presented in Table 2 0.12-0.14 5-7 DES 0.084 - It can be seen in Table 2 that at higher Reynolds numbers skin friction drag constitutes a very small component of overall drag. Hence accurate prediction of skin friction drag is not very important for overall drag estimations. This is because for such non-aerodynamic bodies the separation point is fixed within some range and can be captured with simple wall models on coarser grids. Figure 8 shows the time history for drag and lateral force coefficients for 60 time units. As the grid B (refined) runs were computationally very expensive, it was simulated for 35 time units. It is clear that lateral forces are not zero even in the mean which is consistent with the flow visualization by Taneda 28 and DES results by Constantinescu.
31
The presence of a non-zero side force was also observed by Scoggins. 44 This lateral force might be there in experiments and computations because there are always slight perturbations and kinks, however small, in the sphere geometry or computational grid. As the Reynolds number is high it can cause instabilities and hence the wake is not axisymmetric and is slightly tilted even in the mean.
Taneda, through his flow visualizations suggested a mechanism for vortex shedding. He observed that a vortex sheet separating from the sphere rolls up into an Ω-shaped structure to form a pair of strong streamwise vortices. Figures 9 and 10 illustrate that the current simulations did capture a similar mechanism. However, unlike the visualizations of Taneda, the calculations also resolve a shedding of hairpin-like structures. An anaglyph stereo image for the same is shown in Figure 11 . The hairpin like vortex structure was also observed by Constantinesqu using DES. (Figure 12 ) it was observed that the power peaks at St ≈ 0.05 which corresponds to the minimum frequency which can be captured by the present simulation. An FFT of streamwise velocity at some points in the flowfield was also computed and similar results were obtained. Taneda observed that there are no definite periodicities but the mean Strouhal number for which the sense of rotation changes (clockwise to counterclockwise or vice-versa) to be St ≈ 0.004.
Active and passive stereo 3D animations for isosurfaces of vorticity were generated to give a deeper insight into the the unsteadiness in the wake of the sphere. These animations were generated using Ensight 45 7.6 and are in envideo format and can be viewed with envideo2 which is a small application and available freely on CEI website.
45
As described in the preceding section, these simulations were performed on a Linux Beowulf cluster, Mufasa, 41 using 24 processors. For Re = 1.14 × 10 6 , the coarser grid case (Grid A) took 14 days (CPU time = 14 × 24 hrs) for 60 time units (t × U ∞ /D) and the fine grid case (Grid B) took 21 days for 36 time units. For coarser grid, one time unit was approximately 3000 time steps while for the finer grid case one time unit corresponded to 7500 time steps. 
VII. Conclusions and Future Work
Predictions of flow over a sphere at various Reynolds numbers were obtained. In the low Reynolds number regime, the predicted Strouhal number and drag coefficients are in good agreement with the experimental measurements and other computed results. 17, [26] [27] [28] For the super-critical regime, there is very good agreement with the experimental measurements in the overall drag and pressure distribution. The application of instantaneous log-law wall model had the effect of markedly improving the skin friction distribution. Though the predicted skin friction is not in excellent agreement with the experimental results by Achenbach, 36 his results are only qualitative. In addition the drag coefficients predicted in the super-critical regime are adequate since skin friction contributes a small fraction of drag at higher Reynolds numbers. The ratio of skin-friction drag to total drag is also in good agreement with the experimental results. The vortex structure in the wake is also analyzed and is found to be dominated by the hairpin like vortices.
No empirical parameters were used in the simulations and as compared to standard LES requirement these simulations were done with very few grid points. Strictly, the work might be more appropriate to be classified as Very Large Eddy Simulations (VLES) as 80% of the energy was not resolved everywhere in computational domain. Also, as unstructured tetrahedral cells were used everywhere in the computational domain, the approach is scalable for any complex geometry. It presents an opportunity to simulate practical flows with high Reynolds number on complex bodies with reasonable accuracy.
Complex 4-D problems (time accurate in 3D domain) are difficult to understand using conventional 2-D graphics. Time-dependent 3-D anaglyphic isosurfaces were created using Ensight 7.6 to highlight important flow features. Future work involves fine tuning the log-law wall model, flow over a 6:1 prolate spheroid, and more complex geometries such as helicopter fuselages and automobiles will be simulated.
